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ABSTRACT

Crohn’s disease (CD) is a chronic and disabling inflammatory disorder of the gut that is profoundly
influenced by intestinal microbiota composition, host genetics and environmental factors. Several
groups worldwide have described an imbalance of the gut microbiome composition, called
dysbiosis, in CD patients, with an increase in Proteobacteria and Bacteroidetes and a decrease in
Firmicutes. A high prevalence of adherent-invasive Escherichia coli (AIEC) pathobionts has been
identified in the intestinal mucosa of CD patients. A significant loss in the bacteria that produce
short-chain fatty acids (SCFAs) with anti-inflammatory properties, such as propionate, is also
a consequence of dysbiosis in CD patients. Here, the AIEC reference strain LF82 was able to degrade
propionate in the gut, which was sufficient to counteract the anti-inflammatory effect of propionate
both in in vitro models and in mice with DSS-induced colitis. The consumption of propionate by
AIEC pathobionts leads to an increase in TNF-a production by macrophages upon infection through
the bacterial methyl-citrate pathway. To induce the protective effects of SCFAs on the inflamed gut,
we used a G-protein-coupled receptor 43 agonist (GPR43 agonist) that is not metabolizable by
intestinal bacteria. Interestingly, this agonist showed anti-inflammatory properties and decreased
the severity of colitis in AIEC-infected mice, as assessed by an improvement in the disease activity
index (DAI) and a decrease in AIEC pathobiont encroachment. Taken together, these results high-
light the effectiveness of GPR43 agonist treatment in the control of gut inflammation and improved
our understanding of the ability of AIEC to modulate propionate availability to create an infectious
niche to its advantage.
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Introduction
constant molar ratio of 15:25:60.> SCFAs have var-

ious beneficial roles in the gastrointestinal tract:
they provide energy to the gut epithelium, promote
intestinal epithelial integrity and are involved in the
regulation of immune and inflammatory
responsesfl_7 Propionate has potent immunomo-
dulatory effects and reduces the colonic expression
of proinflammatory factors in mice with DSS-
induced colitis.® Most effects on intestinal inflam-
mation are achieved through activation of the

The gut microbiota influences health and the nutri-
tional stage via multiple mechanisms, and a large
amount of evidence has shown that microbial
metabolites have a major effect on host physiology.
Short-chain fatty acids (SCFAs), predominantly
acetate, propionate, and butyrate, are produced in
the human large intestine by anaerobic fermenta-
tion of undigested carbohydrates, crude fibers, and
polysaccharides." Depending on diet and gut

microbiota composition, the intestinal SCFAs con-
centration can range from 60 to 150 mmol/L,” with
butyrate, propionate, and acetate present at a nearly

G protein-coupled receptor 43 (GPR43) SCFAs
receptor,” which is predominantly expressed in
the colonic epithelium, adipose tissue and immune
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cells.'"*  Contradictory findings have been
reported in GPR43”" mice regarding inflammatory
phenotypes, leading to a lack of consensus.'
Confirming the role of this SCFAs receptor in
human physiology is necessary to better under-
stand the implications for intestinal inflammation,
especially in the context of Crohn’s disease (CD).
Recently, a fascinating study highlighted the role of
Reg3-mucosal lectins, gut microbiota-derived pro-
pionate and its GPR43 receptor as a crucial media-
tor axis for gut epithelial regeneration in colitis."*
Acetate and propionate serve as the most potent
activators of the GPR43 receptor, followed by buty-
rate and other SCFAs.® In contrast to acetate, pro-
pionate levels have been reported to be markedly
decreased in patients with CD compared with
healthy individuals."” Nevertheless, a recent study
observed no significant differences in fecal concen-
trations of SCFAs in CD patients.'® Thus, these
variations in SCFAs concentrations in CD patients
could depend on the cohort and be the conse-
quence of a specific treatment, such as exclusive
enteral nutrition (EEN) or specific diet therapy.'”
The abundance of propionate-producing bacterial
species, such as Veillonella and Bacteroides fragilis,
decreases in CD patients with low propionate
levels.'> The decrease in the abundance of
Bacteroidetes is a feature regularly found in CD
patients and could contribute to inflammation'®
since some bacteria belonging to this phylum, such
as Bacteroides fragilis, have also been shown to exhi-
bit protective effects in a mouse model of colitis."” '
These results support the notion that the metabolism
of propionate may play an important role in the
pathogenesis of CD. It has also been consistently
reported that CD patients have relatively high
amounts of Escherichia coli, particularly the adher-
ent-invasive E. coli (AIEC) pathobionts.zz’26 These
bacteria strongly adhere to and invade intestinal
epithelial cells (IECs), survive within macrophages,
move into deep tissues and activate immune cells,
inducing inflammatory cytokines secretion.”’ We
have previously identified various pathways, includ-
ing serine and ethanolamine catabolism and propio-
nyl-CoA utilization, that may help in the metabolic
adaptation of AIEC  strains to  their
environments.”®** In E. coli, propionate is converted
to propionyl-CoA, which is a coenzyme A derivative
of propionic acid, is transformed into 2-methyl-

citrate by the methyl-citrate synthase (encoding by
the prpC gene) and then into pyruvate and succinate.
If the prpC gene is deleted, the methyl-citrate cycle
will not occur. We found that genes involved in this
pathway, such as prpC, were strongly upregulated in
the AIEC strain LF82 under intestinal conditions (in
the presence of bile and mucins).”® The aim of this
study was to determine whether AIEC pathobionts
are able to degrade propionate in the intestinal tract
of CD patients and to evaluate the effect of propio-
nate catabolism on host responses to AIEC infection.

Results

The fecal abundance of E. coli in CD patients
colonized by AIEC is inversely correlated with
propionate concentration in the gut

A prospective and multicenter study including CD
patients was conducted in our unit, and the abun-
dance and global invasive ability of E. coli were
analyzed in stool samples and in ileal specimens of
CD patients colonized by ileal AIEC (CD AIEC+) or
non-AIEC (CD AIEC-) strains. We quantified the
acetate and propionate concentrations in stool sam-
ples from patients colonized or not colonized with
AJEC bacteria. The acetate concentration in stools
was negatively correlated with the fecal abundance
of E. coli in CD AIEC+ (r = —0.6416, p = 0.0058;
Figure S1), while no correlation was observed
between the acetate concentration in stools and
ileal abundance of E. coli (r = —-0.3077, p = 0.1531).
Interestingly, the propionate concentration in stools
was negatively correlated with both the ileal and
fecal abundances of E. coli for CD AIEC+
(r = —0.4945, p = 0.0444; r = —0.5237, p = 0.0237,
respectively) but not for CD AIEC- (r = —-0.06951,
p = 0.3329; r = —0.1500, p = 0.3755) (Figure 1). This
decreased level of propionate might be due to
decreased abundance of propionate-producing bac-
teria and/or an increase in propionate degradation
by the gut microbiota of AIEC-colonized CD
patients and possibly by the AIEC themselves.

The AIEC LF82 strain counteracts the
anti-inflammatory effect of propionate in vitro

To evaluate the ability of the AIEC LF82 strain to
utilize propionate as the sole source of carbon,
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Figure 1. Inverse correlation between the fecal level of propionate and the number of E. coli in the stool samples and ileal mucosa of
Crohn’s disease patients. Correlation between the level of propionate and the number of E. coli bacteria associated with the ileal
mucosa (a, ¢) and present in the stool samples (b, d) from Crohn'’s disease patients; AIEC+ (a, b) and AIEC- (c, d). Spearman correlation
analysis was performed between propionate concentration and the number of E. coli in pairwise comparisons (CFU: colony-forming

unit).

propionate was added to a minimal medium. As
shown in Figure 2a, the AIEC LF82 strain replicated
extremely poorly in minimal medium (M9 or M9
containing propionate). To determine whether the
AIEC strain LF82 catabolizes propionate, the AIEC
strain LF82, the LF82AprpC isogenic mutant and the
corresponding trans-complemented mutant
LE82AprpC:prpC were grown in minimal medium
supplemented with 30 mM propionate. After 24 h of

incubation, the propionate concentration was signifi-
cantly lower in medium incubated with the LF82
strain and the LE82AprpC:prpC mutant than in mini-
mal medium incubated with the LF82AprpC mutant
(Figure 2b). This result indicates that the AIEC strain
LF82 is able to degrade propionate through the
methyl-citrate pathway. It has been reported that
propionate reduces the production of proinflamma-
tory factors, including TNF-a.’>’' To determine
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Figure 2. The AIEC strain LF82 catabolizes propionate. (a) Bacterial growth curves of the LF82 strain in M9 supplemented with 30 mM
propionate or 10 mM glucose. (b) The AIEC strain LF82, the AIEC LF82AprpC isogenic mutant and the corresponding trans-
complemented mutant LF82AprpC:prpC were grown in minimal medium supplemented with 30 mM propionate. After 24 h of
incubation, the propionate concentration was measured. The experiment was performed in duplicate with n = 3 at each time. The
results are the mean + SEM. Statistical comparisons were carried out by one-way ANOVA with the Bonferroni post hoc test (*p < 0.05,
**p < 0.01) after normality testing using the Kolmogorov-Smirnov test.

whether the degradation of propionate by AIEC LF82
can have an impact on the production of proinflam-
matory cytokines, murine macrophage RAW264.7
cells were used. First, these cells were incubated with
or without propionate for 30 min before a short per-
iod of infection with AIEC LF82 (MOI 10). As
expected, propionate decreased the production of
TNF-a by 54% (Figure 3a). Then, the AIEC LF82
strain, the LF82AprpC mutant and the trans-comple-
mented LF82AprpC:prpC strain were preincubated

with propionate for 24 h. A medium with propionate
preincubated without addition of bacteria was used as
control. The RAW264.7 cells were incubated with this
conditioned medium, and then the cells were infected
or not with the LF82 strain (Figure 3b).

TNF-a levels were significantly reduced in cells
incubated with propionate pretreated with the
mutant LE82AprpC compared to the levels in cells
incubated with propionate pretreated with the LF82
or LE82AprpC:prpC strain (Figure 3c). In addition,
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Figure 3. The AIEC LF82 strain counteracts the anti-inflammatory effect of propionate in vitro. (a) Secreted TNF-a amounts, quantified
by ELISA, in supernatants of murine macrophage RAW264.7 cells incubated or not with propionate (30 mM) for 30 min before a short
period of infection with AIEC LF82 (MOI 10). (b) The AIEC LF82 strain, the LF82AprpC mutant and trans-complemented LF82AprpC:prpC
were preincubated with propionate for 24 h. The RAW264.7 cells were incubated with this incubation medium before infection with
the LF82 strain. Secreted TNF-a levels in supernatants of murine RAW264.7 macrophages were measured. (c) Secreted TNF-a amounts
in supernatants of murine macrophage RAW264.7 cells incubated with LF82, LF82AprpC or LF82AprpC:prpC (MOI 10) pretreated with
propionate (propionate +) before incubation with cells and then infected or not with AIEC LF82 (n = 3). The results are the mean + SEM
of three experiments. Statistical analysis was carried out by normality testing using the Kolmogorov-Smirnov test and subsequent two-
tailed Student’s t-test (A) or a one-way ANOVA with the Bonferroni post hoc test (c) (*p < .05, **p < .01, ****p < .0001).

no significant difference was observed between cells
incubated with propionate pretreated with the
mutant LF82AprpC and cells incubated with pro-
pionate but not pretreated with bacteria.

These results suggest that propionate degrada-
tion by AIEC pathobionts could participate in the
uncontrolled production of proinflammatory med-
iators in AIEC-positive CD patients.

The AIEC LF82 strain decreases the propionate
concentration in vivo

CEABACI10 mice were orally challenged with the
AIEC LF82 strain or the LF82AprpC isogenic

mutant. Quantification of bacteria in stool samples
or of bacteria associated with the intestinal mucosa
showed no difference in colonization between the
wild-type and mutant strains, suggesting that pro-
pionate metabolism is not essential for AIEC LF82
colonization (Figure S2). The fecal samples of each
mouse were pooled before and after infection. The
mean concentration of propionate before infection
was normalized as 100% (95 + 19 or 80 + 22 ug/g
fecal propionate in mice infected with LF82 or
LE82AprpC, respectively). The results showed
a 40% decrease in propionate concentration in
mice infected with the AIEC LF82 strain
(63 £ 18 ug/g propionate), while no overall decrease
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was observed in mice infected with LE82AprpC
(73 + 17 ug/g propionate, Figure 4a). The decrease
in the propionate concentration was not associated
with increased secretion of the proinflammatory
chemokine KC (keratinocyte-derived chemokine,
Figure 4b) or cytokine IL-6 (Figure 4c). However, it
has been previously described that AIEC requires
a particular context to participate in the inflamma-
tory process, such as colitis or antibiotic treatment.>

The AIEC LF82 strain counteracts the
anti-inflammatory effect of propionate in mice

Pathobiont AIEC LF82 bacteria exacerbate colitis in
DSS-treated mice,” and it has been reported that
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oral administration of propionate could ameliorate
DSS-induced  colitis  mainly by  reducing
inflammation.® Mice treated with DSS and supple-
mented with propionate were infected with LF82
strain. The effect of propionate supplementation on
colonic inflammation was evaluated by determin-
ing the disease activity index (DAI) score and by
detecting the release of proinflammatory cytokines
by colonic tissues. No significant difference in dis-
ease activity index and the release of KC and IL-6
was observed between mice treated or not with
propionate. No statistically significant difference
of ileal colonization by LF82 was also observed
after propionate supplementation (Figure S3).
The lack of a significant anti-inflammatory effect
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Figure 4. AIEC LF82 decreases the propionate concentration in vivo. CEABAC10 mice (n = 8 for each group) were pretreated with
fosfomycin (2 g/L) for 4 days and orally infected with the LF82 strain or the isogenic mutant LF82AprpC. (a) Propionate concentrations
in fecal samples of mice collected after infection with LF82 or LF82AprpC. For each mouse, fecal samples collected before infection with
the LF82 strain were pooled, and the concentration of propionate was determined as 100%. (b) Secreted KC chemokine and (c) IL-6
cytokine amounts from colonic tissue of infected mice 2 days post infection. The results are presented as the median. Statistical
comparisons were carried out by normality testing using Kolmogorov-Smirnov tests and a subsequent two-tailed Student’s t-test

(*p < .05).



of propionate may be related to its degradation by
AIEC bacteria. To test this hypothesis, mice treated
with DSS and supplemented with propionate were
infected with LF82 or the LF82AprpC mutant. The
DALI score of mice infected with AIEC LF82 bac-
teria was significantly higher than that of mice
infected with the LF82AprpC mutant or uninfected
mice (control mice, Figure 5a). The released levels
of the proinflammatory chemokine KC (keratino-
cyte-derived chemokine), cytokines IL-6 and TNF-
a were very low in the control mice (Figure 5b-
Figure 5d), probably because propionate decreased
DSS-induced inflammation. In contrast, the levels
of these cytokines were increased in mice infected

GUT MICROBES (&) e1839318-7

with E. coli strains, and they were significantly
higher in mice infected with LF82 bacteria than in
mice infected with LE82AprpC. These results reveal
that the LF82 strain can counteract the anti-
inflammatory effect of propionate in transgenic
mice and suggest that the methyl-citrate pathway
is involved in the virulence of the AIEC LF82 strain.
Quantification of bacteria in stool samples or asso-
ciated with the intestinal mucosa showed no differ-
ence in colonization between the wild-type and
mutant strains (Figure S4). To determine whether
inflammation was associated with a decrease in
propionate levels in the mouse gut, fresh fecal sam-
ples were collected before and after infection for
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Figure 5. The AIEC LF82 strain counteracts the anti-inflammatory effect of propionate in mice. CEABAC10 mice (n =9, two independent
experiments pooled) were pretreated with an antibiotic cocktail containing 500 mg/L metronidazole, 1 g/L streptomycin, 1 g/L
neomycin and 1 g/L ampicillin. Mice received 1% DSS and, when needed, 0.6% calcium propionate in their drinking water in parallel
with antibiotic treatment. On day 5, the antibiotic treatment was stopped; 0.25% DSS and 0.6% propionate were maintained in the
drinking water. On day 6, mice were orally infected with AIEC LF82, the isogenic mutant LF82AprpC, or PBS as a control. (a) Disease
activity index of mice. (b—d) Secreted KC chemokine, IL-6 and TNF-a cytokines amounts from colonic tissue of mice. (E) Propionate
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e1839318-8 (&) A.AGUSETAL.

each mouse. The propionate concentration was
significantly decreased in mice infected with the
LF82 strain compared to the basal level
(p = 0.045), in contrast to the level in mice infected
with the LF82AprpC mutant (p > .999) (Figure 5e).
In the control group, this propionate concentration
did not vary (p > .999). Overall, these results sug-
gest that AIEC pathobionts may be able to decrease
the propionate concentration in the intestine,
which would impair the control of inflammation
by this SCFA.

The GPR43 agonist decreases the severity of colitis
in AIEC LF82-infected mice

The anti-inflammatory effect of propionate is
mediated by activation of the GPR43 receptor. We
tested the efficiency of an agonist of the GPR43
receptor that cannot be metabolized by intestinal
bacteria to control the inflammation induced by the
AIEC pathobiont. Thus, we evaluated the impact of
GPR43 agonist administration on gut inflammation
in AIEC LF82-infected mice. The DAI score indi-
cated that the GPR43 agonist was effective in
decreasing the signs of colitis induced by AIEC
colonization from day 10 post infection (Figure
6a). The release of the proinflammatory cytokines
KC and IL-6 in mice treated with the GPR43 ago-
nist was significantly lower than that in mice receiv-
ing the vehicle only (5.5- and 4.3-fold decrease,
respectively, Figure 6b,Figure 6¢). Moreover, the
GPR43 agonist led to decreased fecal levels of lipo-
calin-2, which is a sensitive biomarker for intestinal
inflammation (Figure 6d). Thus, we demonstrated
the anti-inflammatory effect of GPR43 receptor
agonists in the context of AIEC encroachment. In
addition, the GPR43 agonist seems to be very effec-
tive in eliminating AIEC bacteria from the gut, as
observed by quantification in the fecal samples and
in the intestinal tissues. Indeed, 2-days post infec-
tion, a significant decrease in the AIEC LF82 bac-
terial load in feces was observed for mice treated
with the GPR43 agonist compared to mice receiv-
ing the vehicle only (Figure 7a). In addition, in mice
treated with the GPR43 agonist, the number of
bacteria associated with colonic and ileal tissues
was significantly reduced (Figure 7b,Figure 6c).
These results demonstrate that GPR43 agonist
treatment effectively decreases AIEC LF82

colonization in the gut of transgenic mice.
Propionate treatment has been shown to upregulate
the expression of Reg3f and -y, which are antimi-
crobial peptides at mucosal surfaces of the gut, in
the colon of DSS-treated mice.'* Therefore, we
analyzed Reg3 mRNA expression in mice treated
or not with the GPR43 agonist and observed
a significant increase of Reg3p and Reg3y levels in
mice treated with the GPR43 agonist compared to
untreated mice (Figure 7d,Figure 6e). These obser-
vations reinforce the hypothesis that GPR43 ago-
nist supplementation could participate in the
protection of mice against AIEC LF82 bacterial
infection. Interestingly, Park et al. demonstrated
that SCFAs could restore the turnover of IECs in
antibiotic-treated mice.* In our study, the GPR43
agonist treatment does not modify the colonic
expression level of genes implicated in epithelial
differentiation (Olfm4, Hesl, Atohl and Muc2)
and IEC proliferation (Pcna, CyclinDI and
CyclinA). Additionally, we did not observe any
change in expression of colonic crypt length mea-
surements, suggesting that the protection mediated
by the GPR43 agonist seems to be more targeted
toward an  anti-inflammatory  phenotype
(Figure S5).

Discussion

In the present study, we showed that the AIEC
LF82 strain counteracts the anti-inflammatory
effect of propionate in a mouse model of DSS-
induced colitis. First, we found that propionate
reduced inflammation in the colonic tissues of
mice, which is consistent with other studies.**
Oral administration of propionate has beneficial
effects on the intestinal epithelium by improving
intestinal barrier function, inhibiting inflamma-
tion, and modulating oxidative stress in mice
with DSS-induced colitis.® Propionate also regu-
lates the size and function of the colonic Treg pool
and protects against colitis in a GPR43-dependent
manner in mice.>> AIEC exacerbate intestinal
inflammation in mice treated with DSS.*® In the
present study, we revealed that colonic inflamma-
tion induced by AIEC pathobionts in transgenic
mice is not prevented by propionate administra-
tion but is prevented by a nonmetabolizable
GPR43 receptor agonist. We showed here that
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Figure 6. The GPR43 agonist decreases the severity of colitis in AIEC LF82-infected mice. CEABAC10 mice (n = 8 for each group) were
pretreated with an antibiotic cocktail containing 500 mg/L metronidazole, 1 g/L streptomycin, 1 g/L neomycin and 1 g/L ampicillin.
Mice were orally challenged for 7 days with 10° CFU of AIEC LF82 bacteria and with 5 mg/kg/day GPR43 agonist. Simultaneously, the
drinking water of the mice was supplemented with 0.25% DSS. (a) Disease activity index (DAI) of AIEC LF82-exposed mice on day 10. (b,
¢) Secreted KC and IL-6 cytokines in colonic tissue culture supernatant. (d) Secreted lipocalin-2 (Lcn-2) in the feces of mice treated with
the GPR43 agonist and of untreated mice. The results are presented as the median values. Statistical comparisons were carried out by
normality testing using Kolmogorov-Smirnov tests, and a subsequent two-tailed Student’s test (b,c) or Mann-Whitney U-test (a—d) was

performed (*p < .05, **p < .01, ***p < .001).

AIEC bacteria are able to degrade propionate
in  vitro. In contrast, a mutant with
a nonfunctional prpC gene cannot catabolize pro-
pionate through the methyl-citrate pathway. This
AIECAprpC  mutant failed to induce an

inflammatory response in mice. These results sug-
gest that AIEC pathobionts counteract the anti-
inflammatory effect of propionate in mice by
degrading this compound. This hypothesis is rein-
forced by the decreased propionate concentration
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Figure 7. The GPR43 agonist displays anti-adhesive properties in AIEC LF82-infected mice. CEABAC10 mice were infected with AIEC
LF82 and treated orally by gavage with 5 mg/kg/d GPR43 agonist or vehicle only. (a) AIEC LF82 quantification in the feces of mice
treated with the GPR43 agonist compared to mice treated with vehicle 2 days post infection (n = 8 for each group). (b,c) Colonic and
ileum-associated E. coli bacteria from infected CEABAC10 mice 2 days post infection (n = 23, three independent experiments pooled).
(d,e) Reg3B and Reg3y mRNA were quantified by RT-qPCR in colonic mucosa of mice (n = 8 for each group). Each symbol represents an
individual mouse, and lines show medians (a—c). The results of mRNA expression are the mean + SEM (d,e). Statistical comparisons
were carried out by normality testing using Kolmogorov-Smirnov tests, and a subsequent two-tailed Student’s test (a) or Mann-
Whitney U-test (b,c) or non-parametric one-tailed Mann-Whitney U-test (D-E) was performed (*p < .05, ****p < .0001).

in fecal samples in mice infected with AIEC patho-
bionts. Additionally, we found a negative correla-
tion between the propionate concentration and the
fecal abundance of E. coli in stool samples of CD
patients colonized by AIEC pathobiont strains.
Our results thus support the idea that a high rate
of colonization by AIEC pathobionts causes
a decrease in propionate concentration, which

may be associated with impaired regulation of
intestinal inflammation in CD patients.'>’
However, the high abundance of E. coli in the
gut of CD patients could also be associated with
decreased SCFAs production since butyrate-
producing  bacterial  species, such  as
Faecalibacterium, and propionate-producing bac-
terial species, such as Veillonella and Bacteroides



fragilis, are decreased in CD patients. The decrease
in the abundance of Faecalibacterium and
Bacteroidetes is a feature regularly found in CD
patients.”® Hence, it could conceivably be hypothe-
sized that the decrease in propionate observed in
CD patients is due to the low abundance of pro-
pionate-producing bacteria combined with the
high abundance of E. coli strains such as AIEC
pathobionts that are able to degrade propionate.
Prior studies have noted the importance of
SCFAs for constant repair of the intestinal epithe-
lium, suggesting that propionic and butyric acid
could be useful in the treatment of inflammatory
disorders, including CD.?**® However, contradic-
tory effects of SCFAs on intestinal inflammation in
patients with colitis and in murine models have
been reported.*"** The variable abundance of pro-
pionate-degrading bacteria, such as AIEC, could
explain these inconsistent effects to a certain extent.
It has recently been shown that AIEC pathobionts
adapt to prolonged exposure to propionate, result-
ing in an increase in virulence. Indeed, upon expo-
sure to propionic acid, highly virulent AIEC
variants having enhanced AIEC phenotype emerge
(increase in adhesion, invasion and biofilm
formation).*> We completed this data analysis to
reveal that AIEC degrade propionate through the
methyl-citrate pathway and counteract the anti-
inflammatory effect of propionate. We have pre-
viously shown that in the presence of bile, an inter-
action among ethanolamine utilization, 1,2
propanediol degradation and the methyl-citrate
pathway provides an energetic advantage to the
AIEC LF82 strain.®® A study by Ormsby et al.**
reinforced the link between these pathways by

showing that propionate stimulates AIEC-
mediated  degradation = of  ethanolamine.
Additionally, ethanolamine utilization confers

a competitive advantage to AIEC strains in gut
colonization.”® Intestinal ethanolamine is readily
available  during  periods  of  intestinal
inflammation.** In summary, it can be suggested
that dietary supplementation with propionate may
be inefficient, if not harmful, for CD patients colo-
nized by AIEC bacteria.

Thus, one of the possible strategies to restore the
beneficial effects of SCFAs or fermentable dietary
fibers would be to use nonmetabolizable SCFAs-
G-protein-coupled receptor agonists. In the present
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study, we evaluated the efficacy of a G-protein-
coupled receptor 43 agonist against gut inflamma-
tion induced by AIEC pathobiont infection in
a mouse model and showed that the GPR43 recep-
tor agonist significantly decreased the severity of
colitis in the presence of AIEC pathobionts in the
gut. It has been reported that activation of the
GPR43 receptor has a protective effect against coli-
tis by favoring the differentiation and function of
colonic Tregs.”>*>*® One unanticipated finding was
that GPR43 agonist administration to mice coun-
teracted the intestinal colonization by AIEC patho-
bionts. This result may be explained by the overall
decrease in inflammation. Indeed, although it is
recognized that AIEC pathobionts may be consid-
ered an initiating factor for inflammation in CD, it
has been previously reported that persistent colo-
nization by AIEC pathobionts is also favored in an
inflammatory context,”>*’ and overgrowth of the
AIEC population may be related to a metabolic
shift to catabolize L-serine in the inflamed gut.”
Moreover, activation of the GPR43 receptor is asso-
ciated with neutrophil chemotaxis, T cell differen-
tiation, activation and subsequent cytokines
production.® The role of the SCFAs/GPR43 axis
was demonstrated in the maintenance of epithelial
integrity, inducing mucosal healing and suppres-
sing inflammation.” In a previous study, we
demonstrated that downregulation of SCFAs-
sensitive GPR43 is associated with gut inflamma-
tion, a phenomenon restored by GPR43 agonist
treatment of DSS-induced colitis.*® Recently, pro-
pionate induces Reg3 in intestinal organoids and in
gnotobiotic mice colonized with a defined micro-
biota-producing SCFAs."* Reg3B has bactericidal
activity against Gram-negative bacteria. Moreover,
Park et al. demonstrate that Gram-positive com-
mensal bacteria are a major determinant of IEC
turnover, and that their stimulatory effect seems
to be mediated by SCFAs.** In our study, the
GPR43 agonist seems to induce Reg3P and Reg3y
genes expression that probably could contribute to
the decrease of AIEC LF82 colonization. No induc-
tion of epithelial differentiation and proliferation
mechanisms was observed, that could suggest that
the effects of the GPR43 agonist are more targeted
toward an anti-inflammatory phenotype.
Interestingly, we demonstrate here the efficiency
of this GPR43 agonist in AIEC LF82-infected
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transgenic CEABAC10 mice. Therefore, as GPR43
regulates the colonization and/or encroachment
abilities of the AIEC pathobiont, it could be rele-
vant as a therapeutic approach for AIEC-colonized
CD patients.

In summary, our study identified a new mechan-
ism that improves our understanding of the proin-
flammatory potential of AIEC pathobionts in the
context of CD. Indeed, AIEC pathobiont bacteria
seem to be able to impair the anti-inflammatory
effects of propionate by creating an infectious
niche, leading to gut inflammation. Importantly,
these results are relevant to humans since low pro-
pionate concentrations were also reported in CD
patients colonized by AIEC pathobionts. In addi-
tion, by providing key evidence of the importance
of SCFAs in intestinal protection, this work lays the
groundwork for further studies aiming to correct
SCFAs deficiency in CD patients by GPR43 agonist
supplementation. In conclusion, our data provide
insights for new preventive or curative treatments
for CD.

Methods
Mice and ethics statement

Mice were maintained under specific-pathogen-
free conditions (21-22°C, 12:12-h light-dark cycle)
in the animal care facility of the University
Clermont Auvergne (Clermont-Ferrand, France).
C57BL/6 female mice were purchased from
Charles River Laboratories France for reproduction
with heterozygotic transgenic CEABAC10 males*’.
Littermates of the >10™ backcross were used for
experimentation. All transgenic CEABACI0 mice
used in this study were 5 to 6 weeks old. Animal
experiments were performed according to the insti-
tutional guidelines approved by the CEMEA
Auvergne committee for ethical issues (00730.02).

Bacterial strain and media

The E. coli AIEC strain LF82 was isolated from
a chronic ileal lesion of a patient with CD and
belongs to E. coli serotype O83:H1.”° E. coli LF82
was grown overnight at 37°C in Lysogeny Broth
(LB). Amoxicillin (32 mg/L), kanamycin (50 mg/
L) and chloramphenicol (25 mg/L) (Sigma-

Aldrich) were added when required. The ability of
E. coli LF82 to grow with propionate (calcium pro-
pionate, Sigma-Aldrich) was tested on minimal
medium M9 containing Na,HPO, (48 mM), KH,
PO, (22 mM), NH,CI (20 mM), MgSO, (1 mM),
CaCl, (0.1 mM), vitamin B12 (cyanocobalamin)
(150 nM), vitamin Bl (5 mg/L), and trace metals
(0.1 uM ZnSOy, 0.045 uM FeSOy, 0.2 uM Na,Se, 03,
0.2 uM Na,MoQOy, 2 uM MnSOy, 0.1 uM CuSO,,
3 uM CoCl, and 0.1 uM NiSOy) (2 mL/L). To study
the ability of E. coli LF82 to degrade propionate
(calcium propionate, Sigma-Aldrich), a pre-culture
was performed by growing E. coli in M9 medium
supplemented with 20% LB and 1% bile salts. Cells
taken from the pre-culture (10® cells per ml) were
incubated on minimal medium supplemented with
30 mM propionate and 10 mM glucose (0.025%).

Construction and transcomplementation of isogenic
mutants

E. coli LF82 was transformed with pKOBEG,
a plasmid encoding the Red proteins that protect
linear DNA from degradation in bacteria. The plas-
mid was maintained in bacteria at 30°C with 25 mg/
L chloramphenicol and 1 mM L-arabinose. The Flp
recognition target-flanked cassette harboring the
kanamycin resistance cassette was generated by
PCR from E. coli BW25141 with d-prpC-F/
d-prpC-R primers (Table S1) and high-fidelity
Platinum Taq polymerase (Invitrogen) according
to the manufacturer’s instructions. The PCR pro-
ducts were electroporated in E. coli LF82 cells pre-
viously washed with glycerol. The resulting
LF82AprpC isogenic mutant (Km®) was selected
on Mueller-Hinton agar containing 50 mg/L kana-
mycin. The replacement of the prpC gene by the
kanamycin resistance cassette was confirmed by
PCR (Table S1). The kanamycin resistance cassette
was then removed from LF82AprpC bacteria by
transient expression of the Flp recombinase from
the pCP20 plasmid, creating the LE82AprpC (Km®)
strain.

The prpC gene was amplified by PCR from E. coli
LF82 genomic DNA by using the NdelprpC-F and
EcoRIprpC-R primers (Table S1). The amplified
DNA was purified with a NucleoSpin extraction
kit (Macherey-Nagel), digested with Ndel and
EcoRI (New England Biolabs), and ligated to the



Ndel-EcoRI-digested expression vector pPBK-CMV
(Agilent Technologies). This construct was electro-
porated into LE82AprpC (Km®) electrocompetent
strain and selected on Mueller-Hinton agar con-
taining 50 mg/L kanamycin. The presence of the
prpC gene was confirmed by PCR (LE82AprpC:
prpc). The construct was checked by double-
stranded DNA sequencing (GATC biotech,
Germany).

Mouse infection

Several experiments were performed in this
study. First, sixteen C57BL/6 transgenic
CEABACI10 mice (body weight =19-24 g)
were pretreated by oral administration of fos-
fomycin in drinking water (2 g/L) for four days
to eliminate commensal E. coli. Seven days
after stopping antibiotic treatment, the animals
were orally challenged with 10° LF82 or
LE82AprpC cells for four consecutive days.
For experimentation with dextran sodium sul-
fate-induced colitis, transgenic CEABACI10
mice were provided drinking water with an
antibiotic cocktail containing 500 mg/L metro-
nidazole (Sigma-Aldrich), 1 g/L streptomycin
(Euromedex), 1 g/L neomycin (Sigma-Aldrich)
, and 1 g/L ampicillin (Euromedex) for four
days to disrupt the normal resident bacterial
microbiota in the intestinal tract and to favor
the implantation of the LF82 or LF82AprpC
strain. The mice received 1% (wt/vol) DSS
(molecular mass, 36,000 to 50,000 Da; MP
Biomedicals) and, when needed, 0.6% calcium
propionate (Sigma-Aldrich) in their drinking
water together with the antibiotics. On day 5,
the antibiotic treatment was stopped; 0.25%
DSS and 0.6% propionate were maintained in
the drinking water. On day 6, the mice were
orally challenged with 10° CFUs of the LF82 or
LE82AprpC strain or with PBS for four conse-
cutive days.

For GPR43 agonist administration, transgenic
CEABACI10 mice received the same antibiotic
cocktail in drinking water for 7 days, as described
previously. The mice were then continuously
exposed to 0.25% (wt/vol) DSS (molecular mass,
36,000 to 50,000 Da; MP Biomedicals) and simul-
taneously orally infected for 7 days with 10’ CFUs
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of AIEC LF82 bacteria and with 5 mg/kg/day
GPR43 agonist (Calbiochem, Millipore) dissolved
in 50% (1:2) dimethyl sulfoxide (DMSO) or vehicle
(50% DMSO).

Mice were weighed daily. Fresh fecal samples
(100-200 mg) were collected from individual mice
2 days before and after gavage for determination of
propionate level. Fecal samples were collected
2-days post gavage, suspended in phosphate-
buffered saline (PBS; Gibco) and plated onto
Lysogeny Broth (LB; Conda) agar plates containing
ampicillin (100 ug/mL; Euromedex) to isolate LF82
bacteria or on LB agar plates containing 50 pug/mL
kanamycin (Euromedex) to isolate LE82AprpC and
incubated at 37°C overnight. Antibiotic susceptibil-
ity testing was performed on bacteria in a random
manner to confirm whether the isolates were LF82
or LE82AprpC. Two days post infection, mice were
euthanized by cervical dislocation. To quantify
AIEC bacteria associated with colonic and ileal
tissues, intestinal tissues were cut longitudinally,
washed in PBS, homogenized in 1 mL of PBS, and
plated onto LB agar plates containing 100 pg/mL
ampicillin or 50 ug/mL kanamycin. The severity of
colitis was assessed by the disease activity index
(DAI) score, which ranges from 0 (healthy) to 12
(high colitic activity) (Table $2).%

Cell culture

The murine macrophage RAW264.7 cells were
maintained at 37°C in a humidified atmosphere
of 5% CO, in DMEM supplemented with 100 U/
mL penicillin, 100 pg/mL streptomycin, and 10%
fetal bovine serum (DMEMS). For experimental
purposes, the cells were harvested in log phase and
plated at a density of 5 x 10> cells/mL of medium
in a 24-well sterile plate. Then, the cells were
pretreated for 30 min with incubation medium
that was previously filtered (0.45 then 0.22 um)
before infection with the LF82 strain (MOI 10).”!
After a 30-min incubation period at 37°C with 5%
CO,, the medium was replaced with 1 mL of
DMEMS medium containing 16 pug/mL ciproflox-
acin. The next day, cytokines were quantified in
the supernatant using an ELISA kit from R&D
Systems according to the manufacturer’s
instructions.



e1839318-14 (&) A.AGUSET AL.

Quantification of proinflammatory cytokine release

Intestinal tissues (1 cm) were placed in RPMI
(Gibco) supplemented with antibiotics (50 pg/mL
gentamicin (Euromedex) and 1% antibiotic and
antimycotic solution X-100 (10,000 U of penicillin,
10 mg of streptomycin and 0.25 mg of amphoter-
icin B per milliliter, PAA)) overnight in a 24-well
culture plate in an atmosphere containing 5% CO,
at 37°C. All collected supernatants were filtered at
0.22 um and frozen at —80°C until processing.
Proinflammatory mouse cytokines released (IL-6
and KC) were quantified in the filtered culture
supernatant by ELISA using kits from R&D systems
following the manufacturer’s instructions.

Quantification of fecal lipocalin-2 (Lcn-2)

Frozen fecal samples were reconstituted in PBS con-
taining 0.1% Tween 20 (100 mg/mL; Euromedex)
and vortexed to obtain a homogenous fecal suspen-
sion. These samples were centrifuged for 5 min at
10000 x g and 4°C. Supernatants were collected and
stored at —80°C until analysis. ELISAs were per-
formed by using DuoSet® ELISA Development
Systems for Lcn-2 from R&D Systems according to
the manufacturer’s instructions.

Microbiological analyses of ileal biopsies and stool
samples of CD patients

Stool samples of CD patients were obtained from
a prospective multicenter study. This study was
performed in accordance with the Declaration of
Helsinki, good clinical practice guidelines and
applicable regulatory requirements. The study was
approved by the French ethical committee, the so-
called “Comité de Protection des Personnes (CPP)
Sud-Est 6 — France [AU 904]. In this prospective
multicenter study (8 centers), all patients required
ileocolonoscopy, regardless of the indication, and
were consecutively included between
September 2015 and September 2016. In addition
to patient characteristics, clinical and endoscopic
data were gathered (Table S3). Stool samples of CD
patients were collected on the day of colonoscopy.
Biopsies were taken from the ileum of the patients,
focusing on either macroscopically normal or
ulcerated areas.

Determination of total E. coli number associated with
ileal mucosa and in stools

Ileal biopsies were washed in phosphate-buffered
saline (PBS), crushed (Ultra-Turrax, IKA) and
incubated for 15 minutes on a tube rotator at
room temperature in the presence of Triton 0.1X.
Ten-fold dilutions of the lysate were then plated on
Drigalski agar to number total E. coli colonies after
24 hours of incubation at 37°C. Results are given in
colony-forming unit (cfu)/ileal biopsy. Ileal biop-
sies were carried out using calibrated biopsy forceps
to obtain 94 mg of tissue and the number of E. coli
cfu was determined on the whole biopsy. The stool
samples, stored at —80°C in 15% glycerol Minimum
Essential Medium (MEM), were crushed in physio-
logical water. Ten-fold dilutions of the homogenate
were then plated on Drigalski agar to number total
E. coli colonies after 24 hours of incubation at 37°C.
Results are given in colony-forming unit (cfu)/mg.
A random selection of E. coli strains was performed
on Drigalski plate followed by E. coli identification
by mass spectrometry.

Phenotypical assays to identify AIEC bacteria

The AIEC characterization was carried out by ana-
lyzing their abilities to adhere to and invade intest-
inal epithelial cell lines, as well as survive and
replicate within macrophage cell lines, by conduct-
ing gentamicin protection assays with intestine-407
epithelial cells (ATCC, CCL-6) and THP-1 macro-
phages (ATCC, TIB-202), as previously
described.”?

Extraction of propionate from fecal samples

Mouse fecal samples were frozen at —20°C imme-
diately after collection. For each mouse, fecal sam-
ples collected over 2 days before or after gavage
with E. coli strains were pooled. Stool samples of
CD patients from the previously described prospec-
tive multicenter study were used. Human and
mouse samples were weighed and suspended in
1 mL of water with 0.5% phosphoric acid per 0.5 g
of sample. Fecal suspensions were homogenized
with vortexing for approximately 2 min and cen-
trifuged for 10 min at 10000 x g.

The extraction procedure for short-chain fatty
acids was adapted from the method previously been
validated by Hoving et al”>> and Garcia-Villalba



et al.>> Simultaneous analyses of acetate and propio-
nate were prepared by spiking 125 pL of internal
standard (4-methylvaleric acid (MVA) at 200 mg/L)
into 300 pL of biological sample. Derivatization of
short-chain fatty acids was performed with
2,3,4,5,6-pentafluorobenzylbromide (PFBBr) at pH
6.8 with phosphate buffer for 1 hour at 60°C. Then,
sample solutions were extracted with 200 L of hex-
ane. The upper organic layer was collected and trans-
ferred directly into chromatography vials for
injection prior to analysis by gas chromatography.

Quantification of propionate by gas
chromatography and mass spectrometry

Analyses were performed on an HP5973 MS
with  an  HP6890 series GC  (Agilent
Technologies, Atlanta, GA, USA). Automatic
injections were performed using an HP6890
autosampler. The temperatures of the injector
and the transfer line detector were 180°C and
280°C, respectively. The GC was operated in
splitless injection mode with a constant flow of
1 ml/min of helium through the HP-5 MS col-
umn (30 m x 0.25 mm id. with 0.25 pm film
thickness (J&W, Folsom, CA)). The GC oven
temperature was programmed to start at 70°C,
increasing first to 150°C at 20°C/min and then
to 290°C at 30°C/min. The retention times were
3.39 min, 3.93 min and 5.35 min for acetate,
propionate and MVA, respectively. Ions were
detected by selective ion monitoring (SIM) for
quantification (Q) and confirmation (q): m/z
240 (Q), 197 and 181 (q) for acetate; m/z 254
(Q), 197 and 181 (q) for propionate; and m/z 97
(Q), 57 and 115 (q) for MVA. Identification of
the target compound was carried out by com-
paring the retention time and m/z ratio with
those of the standards. HP Chemstation soft-
ware was used to control the equipment and
carry out the data processing. The concentra-
tions of acetate and propionate in the biological
samples were determined based on their area
ratios to that of the IS using a weighted quad-
ratic fit. The lower limit of quantification
(LLOQ) for each compound was 5 mg/L, and
the upper limit of quantification (ULOQ) was
1000 mg/L in biological samples without
dilution.
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RNA-extraction and RT-qPCR

Total RNA from CEABACI10 colonic mucosa was
extracted using Trizol reagent following the manu-
facturer’s instructions. Briefly, 1 cm of colonic
mucosa was homogenized in liquid nitrogen using
mortar and pestle. The resulting powder was sus-
pended in 1 ml Trizol reagent (Life Technologies)
and 200 pL of chloroform were added. The tubes
were vortexed and spin at 12,000 g for 10 min at 4°
C. The aqueous phase was transferred into a new
tube and 500 pL of isopropanol were added for
30 min at RT for RNA precipitation. The tubes
were spun at 12,000 g for 10 min at 4°C and the
pellet containing RNA was washed twice with 70%
ethanol. The pellet was suspended in 50 uL. RNase-
free water. The RNA quality was assessed by bioa-
nalyzer and their concentration was determined by
fluorimeter Qubit 2.0 (Thermo Fisher Scientific) for
RT-qPCR or mRNA-sequencing. mRNA were
reverse transcribed using PrimeScript RT Reagent
kit (Takara) following the manufacturer’s instruc-
tions. After cDNA dilution (1/10), 1 pL of cDNA
was used as a template for qPCR quantification
(iTaq Universal SYBR Green Supermix, Bio-Rad).
Hprt gene (hypoxanthine phosphoribosyltransfer-
ase) was used as an endogenous control to normal-
ize the target gene expression. For analysis, the fold
change for the target gene was calculated using the
2— AACT method after normalization to controls.
Specific primer sequences used are listed in
Supplementary Table S1 and each primer pair was
designed on two different exons to span a large
intronic region.

Statistical analysis

Statistical analyses were performed using the
GraphPad Prism V.7.0 (GraphPad Software, San
Diego, CA, USA) software package for PC. For all
data displayed in graphs, values are expressed as the
mean * SEM or median. Data comparisons
between two groups were performed using a two-
tailed Student’s t-test analysis or a Mann-Whitney
U-test depending on the normality test using the
Kolmogorov-Smirnov test. A non-parametric
Friedman test was applied to assess differences in
propionate concentration before and after infec-
tion. When appropriate, a one-way ANOVA with
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the Bonferroni post hoc test was performed.
Spearman correlation analysis was performed
between the propionate concentration and number
of E. coli in pairwise comparisons. Differences cor-
responding to P values < 0.05 were considered
statistically significant.

Acknowledgments

This study was supported by the Ministére de la Recherche et
de la Technologie; Inserm (UMR 1071); INRAe (USC-2018),
Région Auvergne Rhone Alpes; the French government’s
IDEX-I-SITE initiative 16-IDEX-0001 (CAP 20-25) of the
University of Clermont Auvergne; the National Program
“Microbiote” Inserm; and Association Francois Aupetit
(AFA). The funders had no role in the study design, data
collection and analysis, decision to publish or preparation of
the manuscript. We thank Sylvine Batista for providing tech-
nical assistance.

ORCID

Damien Richard
Anthony Buisson

http://orcid.org/0000-0002-0160-3781
http://orcid.org/0000-0002-6347-409X

References

1. Bolognini D, Tobin AB, Milligan G, Moss CE. The
Pharmacology and Function of Receptors for
Short-Chain ~ Fatty =~ Acids. Mol  Pharmacol.
2016;89:388-398. doi:10.1124/mol.115.102301.

2. Hill MJ. Bacterial fermentation of complex carbohy-
drate in the human colon. Eur J Cancer Prev Off ] Eur
Cancer Prev Organ ECP. 1995;4:353-358. doi:10.1097/
00008469-199510000-00004.

3. D’Argenio G, Mazzacca G. Short-chain fatty acid in the
human colon. Relation to inflammatory bowel diseases
and colon cancer. Adv Exp Med Biol
1999;472:149-158.

4. Huang N, Wu GD. Short chain fatty acids inhibit the
expression of the neutrophil chemoattractant, interleu-
kin 8, in the Caco-2 intestinal cell line. Adv Exp Med
Biol. 1997;427:145-153.

5. Meijer K, de Vos P, Priecbe MG. Butyrate and other
short-chain fatty acids as modulators of immunity: what
relevance for health? Curr Opin Clin Nutr Metab Care.
2010;13:715-721. doi:10.1097/MCO.0b013e32833eebe>.

6. Yang G, Chen S, Deng B, Tan C, Deng J, Zhu G, Yin Y,
Ren W. Implication of G protein-coupled receptor 43 in
Intestinal Inflammation: a mini-review. Front Immunol
[Internet] 2018 [cited 2020 Jan 13]; 9. https://www.
frontiersin.org/articles/10.3389/fimmu.2018.01434/full .

7. Parada Venegas D, De la Fuente MK, Landskron G,
Gonzédlez M]J, Quera R, Dijkstra G, Harmsen HJM,

10.

11.

12.

13.

14.

15.

16.

Faber KN, Hermoso MA. Short chain fatty acids
(SCFAs)-mediated gut epithelial and immune regula-
tion and its relevance for inflammatory bowel diseases.
Front Immunol. 2019;10:277. doi:10.3389/
fimmu.2019.00277.

. Tong L, Wang Y, Wang Z, Liu W, Sun S, Li L, Su D,

Zhang L. Propionate ameliorates dextran sodium
sulfate-induced colitis by improving intestinal barrier
function and reducing inflammation and oxidative
stress. Front Pharmacol. [Internet] 2016 [cited 2017
Jul 21]; 7. http://www.ncbi.nlm.nih.gov/pmc/articles/
PMC4983549/

. Brown AJ, Goldsworthy SM, Barnes AA, Eilert MM,

Tcheang L, Daniels D, Muir AI, Wigglesworth M],
Kinghorn I, Fraser NJ, et al. The Orphan G
protein-coupled receptors GPR41 and GPR43 are acti-
vated by propionate and other short chain carboxylic
acids. J Biol Chem. 2003;278(13):11312-11319.
d0i:10.1074/jbc.M211609200.

Ang Z, Er JZ, Ding JL. The short-chain fatty acid recep-
tor GPR43 is transcriptionally regulated by XBPI1 in
human monocytes. Sci Rep. 2015;5:1-9. doi:10.1038/
srep08134.

Nilsson NE, Kotarsky K, Owman C, Olde B.
Identification of a free fatty acid receptor, FFA2R,
expressed on leukocytes and activated by short-chain
fatty acids. Biochem Biophys Res Commun.
2003;303:1047-1052.

Poul EL, Loison C, Struyf S, Springael J-Y, Lannoy V,
Decobecq M-E, Brezillon S, Dupriez V, Vassart G,
Damme JV, et al
human receptors for short chain fatty acids and their
role in polymorphonuclear cell activation. ] Biol Chem.
2003;278:25481-25489. doi:10.1074/jbc.M301403200.
Ang Z, Ding JL. GPR41 and GPR43 in obesity and
inflammation - protective or causative? Front
Immunol. 2016;7:28. doi:10.3389/fimmu.2016.00028.
Bajic D, Niemann A, Hillmer A-K, Mejias-Luque R,
Bluemel S, Docampo M, Funk MC, Tonin E,
Boutros M, Schnabl B, et al. Gut microbiota derived
propionate regulates the expression of Reg3 mucosal
lectins and ameliorates experimental colitis in mice.
] Crohns Colitis. 2020;14:1462-1472. doi:10.1093/ecco-
jcc/jjaa065.

Takaishi H, Matsuki T, Nakazawa A, Takada T,
Kado S, Asahara T, Kamada N, Sakuraba A,
Yajima T, Higuchi H, et al. Imbalance in intestinal
microflora constitution could be involved in the patho-
genesis of inflammatory bowel disease. Int ] Med
Microbiol. 2008;298:463-472. doi:10.1016/j.
{jmm.2007.07.016.

Ferrer-Picén E, Dotti I, Corraliza AM, Mayorgas A,
Esteller M, Perales JC, Ricart E, Masamunt MC,
Carrasco A, Tristan E, et al. intestinal inflammation
modulates the epithelial response to butyrate in patients
with inflammatory bowel disease. Inflamm Bowel Dis.
2020;26:43-55.

Functional characterization of


https://doi.org/10.1124/mol.115.102301
https://doi.org/10.1097/00008469-199510000-00004
https://doi.org/10.1097/00008469-199510000-00004
https://doi.org/10.1097/MCO.0b013e32833eebe5
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01434/full
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01434/full
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.3389/fimmu.2019.00277
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4983549/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4983549/
https://doi.org/10.1074/jbc.M211609200
https://doi.org/10.1038/srep08134
https://doi.org/10.1038/srep08134
https://doi.org/10.1074/jbc.M301403200
https://doi.org/10.3389/fimmu.2016.00028
https://doi.org/10.1093/ecco-jcc/jjaa065
https://doi.org/10.1093/ecco-jcc/jjaa065
https://doi.org/10.1016/j.ijmm.2007.07.016
https://doi.org/10.1016/j.ijmm.2007.07.016

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Svolos V, Hansen R, Nichols B, Quince C, ljaz UZ,
Papadopoulou RT, Edwards CA, Watson D,
Alghamdi A, Brejnrod A, et al. Treatment of active
Crohn’s Disease with an ordinary food-based diet that
replicates exclusive enteral nutrition. Gastroenterology.
2019;156:1354-1367.€6. doi:10.1053/j.
gastro.2018.12.002.

Zhou Y, Zhi F. Lower level of bacteroides in the gut
microbiota is associated with inflammatory bowel dis-
ease: a  meta-analysis. BioMed Res Int.
2016;2016:5828959. doi:10.1155/2016/5828959.

Round JL, Mazmanian SK. The gut microbiome shapes
intestinal immune responses during health and disease.
Nat Rev Immunol. 2009;9:313-323.

Lee YK, Mehrabian P, Boyajian S, Wu W-L, Selicha J,
Vonderfecht S, Mazmanian SK. The protective role of
Bacteroides  fragilis in a murine model of
colitis-associated colorectal cancer. mSphere. 2018;3
(6):e00587-18. doi:10.1128/mSphere.00587-18

Tan H, Zhao J, Zhang H, Zhai Q, Chen W. Novel strains
of Bacteroides fragilis and Bacteroides ovatus alleviate
the LPS-induced inflammation in mice. Appl Microbiol
Biotechnol. 2019;103:2353-2365. d0i:10.1007/s00253-
019-09617-1.

Baumgart M, Dogan B, Rishniw M, Weitzman G,
Bosworth B, Yantiss R, Orsi RH, Wiedmann M,
McDonough P, Kim SG, et al. Culture independent
analysis of ileal mucosa reveals a selective increase in
invasive Escherichia coli of novel phylogeny relative to
depletion of Clostridiales in Crohn’s disease involving
the ileum. Isme J. 2007;1:403-418. doi:10.1038/
ismej.2007.52.

Darfeuille-Michaud A, Boudeau J, Bulois P, Neut C,
Glasser A-L, Barnich N, Bringer M-A, Swidsinski A,
Beaugerie L, Colombel J-F. High prevalence of adher-
ent-invasive Escherichia coli associated with ileal
mucosa in Crohn’s disease. Gastroenterology.
2004;127:412-421. doi:10.1053/j.gastro.2004.04.061.
Kotlowski R, Bernstein CN, Sepehri S, Krause DO. High
prevalence of Escherichia coli belonging to the B2+D
phylogenetic group in inflammatory bowel disease. Gut.
2007;56:669-675. doi:10.1136/gut.2006.099796.

Martin HM, Campbell B], Hart CA, Mpofu C, Nayar M,
Singh R, Englyst H, Williams HF, Rhodes JM. Enhanced
Escherichia coli adherence and invasion in Crohn’s dis-
ease and colon cancer.  Gastroenterology.
2004;127:80-93. do0i:10.1053/j.gastro.2004.03.054.
Martinez-Medina M, Garcia-Gil LJ. Escherichia coli in
chronic inflammatory bowel diseases: an update on
adherent invasive Escherichia coli pathogenicity.
World ] Gastrointest Pathophysiol. 2014;5:213-227.
doi:10.4291/wjgp.v5.i3.213.

Palmela C, Chevarin C, Xu Z, Torres J, Sevrin G,
Hirten R, Barnich N, Ng SC, Colombel J-F. Adherent-
invasive Escherichia coli in inflammatory bowel disease.
Gut. 2018;67:574-587.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

GUT MICROBES (&) 183931817

Delmas J, Gibold L, Fais T, Batista S, Leremboure M,
Sinel C, Vazeille E, Cattoir V, Buisson A, Barnich N,
et al. Metabolic adaptation of adherent-invasive
Escherichia coli to exposure to bile salts. Sci Rep.
2019;9:2175. d0i:10.1038/s41598-019-38628-1.
Kitamoto S, Alteri CJ, Rodrigues M, Nagao-Kitamoto
H, Sugihara K, Himpsl SD, Bazzi M, Miyoshi M,
Nishioka T, Hayashi A, et al. Dietary | -serine confers
a competitive fitness advantage to Enterobacteriaceae in
the inflamed gut. Nat Microbiol. 2020;5:116-125.
Vinolo MAR, Rodrigues HG, Nachbar RT, Curi R.
Regulation of inflammation by short chain fatty acids.
Nutrients. 2011;3:858-876. doi:10.3390/nu3100858.
Vinolo MAR, Rodrigues HG, Hatanaka E, Sato FT,
Sampaio SC, Curi R. Suppressive effect of short-chain
fatty acids on production of proinflammatory mediators
by neutrophils. ] Nutr Biochem. 2011;22:849-855.
doi:10.1016/j.jnutbio.2010.07.009.

Drouet M, Vignal C, Singer E, Djouina M, Dubreuil L,
Cortot A, Desreumaux P, Neut C. AIEC colonization
and pathogenicity: influence of previous antibiotic
treatment and preexisting inflammation. Inflamm
Bowel Dis. 2012;18:1923-1931. doi:10.1002/ibd.22908.
Carvalho FA, Barnich N, Sauvanet P, Darcha C,
Gelot A, Darfeuille-Michaud A. Crohn’s disease-
associated Escherichia coli LF82 aggravates colitis in
injured mouse colon via signaling by flagellin.
Inflamm Bowel Dis. 2008;14:1051-1060. doi:10.1002/
ibd.20423.

Park J-H, Kotani T, Konno T, Setiawan J, Kitamura Y,
Imada S, Usui Y, Hatano N, Shinohara M, Saito Y, et al.
Promotion of Intestinal Epithelial Cell Turnover by
Commensal Bacteria: role of Short-Chain Fatty Acids.
PloS One. 2016;11:¢0156334. doi:10.1371/journal.
pone.0156334.

Smith PM, Howitt MR, Panikov N, Michaud M,
Gallini CA, Bohlooly-Y M, Glickman JN, Garrett WS.
The microbial metabolites, short chain fatty acids, reg-
ulate colonic Treg cell homeostasis. Science. [Internet]
2013 [cited 2020 Jan 24]; 341. Available from. ;. https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC3807819/
Agus A, Massier S, Darfeuille-Michaud A, Billard E,
Barnich N. Understanding host-adherent-invasive
Escherichia coli interaction in Crohn’s disease: opening
up new therapeutic strategies. BioMed Res Int.
2014;2014:567929. doi:10.1155/2014/567929.
Huda-Faujan N, Abdulamir AS, Fatimah AB, Anas OM,
Shuhaimi M, Yazid AM, Loong YY. The impact of the
level of the intestinal short chain fatty acids in inflam-
matory bowel disease patients versus healthy subjects.
Open Biochem J. 2010;4:53-58. doi:10.2174/
1874091X01004010053.

Cabré E, Doménech E. Impact of environmental and
dietary factors on the course of inflammatory bowel
disease. World ] Gastroenterol. 2012;18:3814-3822.
doi:10.3748/wjg.v18.i29.3814.


https://doi.org/10.1053/j.gastro.2018.12.002
https://doi.org/10.1053/j.gastro.2018.12.002
https://doi.org/10.1155/2016/5828959
https://doi.org/10.1128/mSphere.00587-18
https://doi.org/10.1007/s00253-019-09617-1
https://doi.org/10.1007/s00253-019-09617-1
https://doi.org/10.1038/ismej.2007.52
https://doi.org/10.1038/ismej.2007.52
https://doi.org/10.1053/j.gastro.2004.04.061
https://doi.org/10.1136/gut.2006.099796
https://doi.org/10.1053/j.gastro.2004.03.054
https://doi.org/10.4291/wjgp.v5.i3.213
https://doi.org/10.1038/s41598-019-38628-1
https://doi.org/10.3390/nu3100858
https://doi.org/10.1016/j.jnutbio.2010.07.009
https://doi.org/10.1002/ibd.22908
https://doi.org/10.1002/ibd.20423
https://doi.org/10.1002/ibd.20423
https://doi.org/10.1371/journal.pone.0156334
https://doi.org/10.1371/journal.pone.0156334
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3807819/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3807819/
https://doi.org/10.1155/2014/567929
https://doi.org/10.2174/1874091X01004010053
https://doi.org/10.2174/1874091X01004010053
https://doi.org/10.3748/wjg.v18.i29.3814

e1839318-18 (&) A.AGUSET AL.

39.

40.

41.

42.

43.

44.

45.

46.

Tedelind S, Westberg F, Kjerrulf M, Vidal A. Anti-
inflammatory properties of the short-chain fatty acids
acetate and propionate: A study with relevance to inflam-
matory bowel disease. World ] Gastroenterol WJG.
2007;13:2826-2832. doi:10.3748/wjg.v13.i20.2826.

Briel JW, Zimmerman DD, Boer LMD, Kwast THVD,
Schouten WR. Short-chain fatty acid irrigation in the
treatment of diversion colitis. A prospective double-
blind randomized study. Gastroenterology. 2000;118:
A580-1. doi:10.1016/S0016-5085(00)84460-1.
Guillemot F, Colombel JF, Neut C, Verplanck N,
Lecomte M, Romond C, Paris JC, Cortot A. Treatment
of diversion colitis by short-chain fatty acids. Dis Colon
Rectum. 1991;34:861-864. doi:10.1038/nature08530.
Harig JM, Soergel KH, Komorowski RA, Wood CM.
Treatment of diversion colitis with short-chain-fatty
acid irrigation. N Engl ] Med. 1989;320:23-28.
doi:10.1056/NEJM198901053200105.

Ormsby MJ, Johnson SA, Carpena N, Meikle LM, Goldstone R],
McIntosh A, Wessel HM, Hulme HE, McConnachie CC,
Connolly JPR, et al. Propionic acid promotes the virulent pheno-
type of Crohn’s disease-associated adherent-invasive Escherichia
coli. Cell Rep. 2020;30:2297-2305.¢5.

Ormsby M]J, Logan M, Johnson SA, McIntosh A,
Fallata G, Papadopoulou R, Papachristou E, Hold GL,
Hansen R, Jjaz UZ, et al. Inflammation associated etha-
nolamine facilitates infection by Crohn’s disease-linked
adherent-invasive Escherichia coli. EBioMedicine.
2019;43:325-332. d0i:10.1016/j.ebiom.2019.03.071.
Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G,
Takahashi D, Nakanishi Y, Uetake C, Kato K, Kato T,
et al. Commensal microbe-derived butyrate induces the
differentiation of colonic regulatory T cells. Nature.
2013;504:446-450.

Maslowski KM, Vieira AT, Ng A, Kranich J, Sierro F,
Yu D, Schilter HC, Rolph MS, Mackay F, Artis D, et al.
Regulation of inflammatory responses by gut micro-
biota and chemoattractant receptor GPR43. Nature.
2009;461:1282-1286.

47.

48.

49.

50.

51.

52.

53.

Carvalho FA, Barnich N, Sivignon A, Darcha C,
Chan CHF, Stanners CP, Darfeuille-Michaud A.
Crohn’s disease adherent-invasive Escherichia coli
colonize and induce strong gut inflammation in
transgenic mice expressing human CEACAM.
] Exp Med. 2009;206:2179-2189. doi:10.1084/
jem.20090741.

Agus A, Denizot ], Thévenot J, Martinez-Medina M,
Massier S, Sauvanet P, Bernalier-Donadille A, Denis S,
Hofman P, Bonnet R, et al. Western diet induces a shift
in microbiota composition enhancing susceptibility to
Adherent-Invasive E. coli infection and intestinal
inflammation. Sci Rep. 2016;6:19032.
Darfeuille-Michaud A, Neut C, Barnich N, Lederman E,
Di Martino P, Desreumaux P, Gambiez L, Joly B,
Cortot A, Colombel J-F. Presence of adherent
Escherichia coli strains in ileal mucosa of patients with

Crohn’s disease. Gastroenterology.
1998;115:1405-1413. doi:10.1016/S0016-5085(98)
70019-8.

Chan CHEF, Stanners CP. Novel mouse model for carci-
noembryonic antigen-based therapy. Mol Ther ] Am
Soc Gene Ther. 2004;9:775-785.

Liu T, LiJ, Liu Y, Xiao N, Suo H, Xie K, Yang C, Wu C.
Short-chain fatty acids suppress lipopolysaccharide-
induced production of nitric oxide and proinflamma-
tory cytokines through inhibition of NF-kB pathway in
RAW264.7 cells. Inflammation. 2012;35:1676-1684.
doi:10.1007/s10753-012-9484-z.

Hoving LR, Heijink M, van Harmelen V, van Dijk KW,
Giera M. GC-MS Analysis of Short-Chain Fatty Acids in
Feces, Cecum Content, and Blood Samples. Methods
Mol Biol Clifton NJ. 2018;1730:247-256.
Garcia-Villalba R, Giménez-Bastida JA,
Garcia-Conesa MT, Tomas-Barberan FA, Carlos
Espin J, Larrosa M. Alternative method for gas
chromatography-mass  spectrometry  analysis of
short-chain fatty acids in faecal samples. J Sep Sci.
2012;35:1906-1913. doi:10.1002/jssc.201101121.


https://doi.org/10.3748/wjg.v13.i20.2826
https://doi.org/10.1016/S0016-5085(00)84460-1
https://doi.org/10.1038/nature08530
https://doi.org/10.1056/NEJM198901053200105
https://doi.org/10.1016/j.ebiom.2019.03.071
https://doi.org/10.1084/jem.20090741
https://doi.org/10.1084/jem.20090741
https://doi.org/10.1016/S0016-5085(98)70019-8
https://doi.org/10.1016/S0016-5085(98)70019-8
https://doi.org/10.1007/s10753-012-9484-z
https://doi.org/10.1002/jssc.201101121

	Abstract
	Introduction
	Results
	<italic>The fecal abundance of</italic> E. coli <italic>in CD patients colonized by AIEC is inversely correlated with propionate concentration in the gut</italic>
	<italic>The AIEC LF82 strain counteracts the anti-inflammatory effect of propionate</italic> in vitro
	<italic>The AIEC LF82 strain decreases the propionate concentration</italic> in vivo
	The AIEC LF82 strain counteracts the anti-inflammatory effect of propionate in mice
	The GPR43 agonist decreases the severity of colitis in AIEC LF82-infected mice

	Discussion
	Methods
	Mice and ethics statement
	Bacterial strain and media
	Construction and transcomplementation of isogenic mutants
	Mouse infection
	Cell culture
	Quantification of proinflammatory cytokine release
	Quantification of fecal lipocalin-2 (Lcn-2)
	Microbiological analyses of ileal biopsies and stool samples of CD patients
	Determination of total E. coli number associated with ileal mucosa and in stools
	Phenotypical assays to identify AIEC bacteria

	Extraction of propionate from fecal samples
	Quantification of propionate by gas chromatography and mass spectrometry
	RNA-extraction and RT-qPCR
	Statistical analysis

	Acknowledgments
	ORCID
	References

